Isoprenoid protein modifications are necessary for the interaction of certain proteins with membranes and/or other proteins (Hancock et al
Isoprenylation is a posttranslational modification that is believed to be necessary, but not sufficient, for the efficient association of numerous eukaryotic cell proteins with membranes. Additional modifications have been shown to be required for proper intracellular targeting and function of certain isoprenylated proteins in mammalian and yeast cells. Although protein isoprenylation has been demonstrated in plants, postisoprenylation processing of plant proteins has not been described. Here we demonstrate that cultured tobacco (Nicotiana tabacum cv Bright Yellow-2) cells contain farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities with apparent Michaelis constants of 73 and 21 M for N-acetyl-S-trans,trans-farnesyl-L-cysteine and N-acetyl-S-alltrans-geranylgeranyl-L-cysteine, respectively. Furthermore, competition analysis indicates that the same enzyme is responsible for both activities. These results suggest that ␣-carboxyl methylation is a step in the maturation of isoprenylated proteins in plants.
Isoprenoid protein modifications are necessary for the interaction of certain proteins with membranes and/or other proteins (Hancock et al., 1989 (Hancock et al., , 1991 Glomset et al., 1990; Hwang and Lai, 1993; Kuroda et al., 1993; Marshall, 1993; Beranger et al., 1994; Kisselev et al., 1994; Porfiri et al., 1994) . These modifications involve the formation of a thioether bond between a 15-carbon farnesyl or a 20-carbon geranylgeranyl moiety and a Cys residue at or near the carboxyl terminus of a protein. Only proteins bearing a recognition sequence at the carboxyl terminus for one of three isoprenyl:protein transferases are isoprenylated (for review, see Clarke, 1992; Randall and Crowell, 1997) . These sequences are: CXXX, which is recognized by farnesyl: protein transferase; CXXL, which is recognized by geranylgeranyl:protein transferase type I; and XXCC, CCXX, XCXC, or XCCX, which is recognized by geranylgeranyl: protein transferase type II or Rab geranylgeranyl:protein transferase. In the above sequences, "C" represents Cys, "X" represents one of several possible amino acids, and "L" represents Leu.
Recent studies in mammalian and yeast systems suggest that protein isoprenylation is not sufficient for high-affinity protein-membrane or protein-protein interactions (Hancock et al., 1991; Volker et al., 1991b; Sapperstein et al., 1994; Marom et al., 1995) . Most isoprenylated proteins (with the exception of certain Rab proteins bearing an XXCC carboxyl terminus; Wei et al., 1992) undergo further posttranslational modifications, including proteolytic removal of amino acids downstream of the isoprenylated Cys residue, ␣-carboxyl methylation of the prenylcysteine residue, and, in a few cases, fatty acid acylation of upstream Cys residues (Hancock et al., 1989; Clarke, 1992; Randall and Crowell, 1997) . Proteolysis and ␣-carboxyl methylation of fungal mating pheromones (Marcus et al., 1991; Sapperstein et al., 1994; Boyartchuk et al., 1997) , Ras proteins (Clarke et al., 1988; Gutierrez et al., 1989; Hancock et al., 1989; Fujiyama et al., 1991; Boyartchuk et al., 1997) , Rasrelated small G-proteins (Kawata et al., 1990; HuzoorAkbar et al., 1991) , heterotrimeric G-protein ␥-subunits (Yamane et al., 1990; Fukada, 1995; Parish et al., 1995) , nuclear lamin B (Vorburger et al., 1989) , and retinal cGMP phosphodiesterase subunits (Ong et al., 1989) are dependent on previous protein isoprenylation.
A single methyltransferase catalyzes the S-adenosyl Met-dependent ␣-carboxyl methylation of farnesylated and geranylgeranylated proteins in mammalian and yeast cells, but no such activity has been detected in prokaryotes (Ota and Clarke, 1989; Hrycyna and Clarke, 1990; Clarke, 1990, 1992; Hrycyna et al., 1991; Pérez-Sala et al., 1991 Volker et al., 1991a; Pillinger et al., 1994; Sapperstein et al., 1994; Philips and Pillinger, 1995) . This conclusion is based on the results of competition experiments using farnesylated and geranylgeranylated substrates and on analyses of yeast mutants (Volker et al., 1991a; Pérez-Sala et al., 1992) . No protein determinants other than a carboxyl-terminal prenylcysteine residue appear to be required for recognition by the methyltransferase, because the enzyme very efficiently methylates prenylated Cys analogs, including AFC and AGGC, but not AGC (Tan et al., 1991; Shi and Rando, 1992; Ma et al., 1995) .
Prenylcysteine carboxyl methyltransferases are membrane-bound enzymes found in association with virtually all intracellular membranes, particularly plasma membrane in neutrophils (Pillinger et al., 1994) and the nuclear/ER membrane fraction in brain, liver, and heart Clarke, 1990, 1992; Volker et al., 1991b Volker et al., , 1995 . In general, they are phospholipid-dependent, detergentsensitive enzymes that use an ordered Bi Bi reaction mechanism (Shi and Rando, 1992) , as shown in Figure 1 . In Saccharomyces cerevisiae, prenylcysteine ␣-carboxyl methyltransferase is encoded by the STE14 gene (Hrycyna and Clarke, 1990; Hrycyna et al., 1991; Sapperstein et al., 1994) . The functionally homologous gene from Schizosaccharomyces pombe is called MAM4 (Imai et al., 1997) . Yeast cells defective in the STE14 gene completely lack detectable prenylcysteine ␣-carboxyl methyltransferase activity and are viable but sterile, demonstrating that carboxyl methylation of mating pheromones is essential for mating. The STE14 gene encodes a polypeptide of 239 amino acids that is predicted to contain multiple membrane-spanning domains (Sapperstein et al., 1994) .
Carboxyl methylation is essential for the membrane association and function of certain isoprenylated signaltransducing proteins. For example, proteolysis and carboxyl methylation have been shown to be required for efficient membrane binding of p21 ras (Hancock et al., 1991; Marom et al., 1995) . Furthermore, recent data on the effects of competitive inhibitors of prenylcysteine ␣-carboxyl methyltransferase (e.g. AFC), which have been shown to block Ras-dependent and G-protein-dependent signaling processes in a number of systems, support the notion that methylation is required for protein function. For example, prenylcysteine ␣-carboxyl methyltransferase inhibitors block Glc-induced insulin secretion in pancreatic islet cells (Li et al., 1996) , Ras-dependent cell growth in Ha-Rastransformed cells (Marom et al., 1995) , chemoattractantinduced superoxide production in human neutrophils (Philips et al., 1993) , chemotaxis in mouse peritoneal macrophages (Volker et al., 1991b) , and agonist-mediated aggregation of human platelets (Huzoor-Akbar et al., 1993) . Responses to downstream activators that bypass G-protein-dependent signal transduction (e.g. phorbol esters) are not affected by these inhibitors (Huzoor-Akbar et al., 1993; Philips et al., 1993) , suggesting that G-protein function is impaired in the absence of prenylcysteine ␣-carboxyl methyltransferase activity. In some cases, methylation may be required for protein function, but not for membrane association. ␥-Subunit carboxyl methylation was recently reported to be required for G-protein function, but not for ␤␥ membrane association (Rosenberg et al., 1998) .
Unlike isoprenylation, carboxyl methylation of prenylcysteine residues is a reversible modification and is therefore subject to regulation. Consistent with this hypothesis, a methyl ester hydrolase has been described in mammalian rod outer-segment membranes that specifically catalyzes the demethylation of carboxyl-methylated prenylcysteine residues (Pérez-Sala et al., 1991; Tan and Rando, 1992) . Furthermore, receptor agonists and nonhydrolyzable analogs of GTP have been found to increase the carboxyl methylation of Ras-related small G-proteins without affecting prenylcysteine ␣-carboxyl methyltransferase activity (Huzoor-Akbar et al., 1991 Philips et al., 1993; Pillinger et al., 1994; Volker et al., 1995) . This observation suggests that the GTP-bound state of these proteins may be more susceptible to carboxyl methylation. One possible explanation for this phenomenon is the GTP-dependent release of Ras-related small G-proteins from their respective GDP-dissociation inhibitors and subsequent translocation to intracellular membranes, where they would be expected to become readily available to the prenylcysteine ␣-carboxyl methyltransferase (Volker et al., 1995) . Prenylcysteine ␣-carboxyl methyltransferase activity has been shown to be higher in certain tumor types than in normal cells, suggesting that tumorigenesis is associated with disregulation of this enzyme (Klein et al., 1994) . These findings point to the possibility of regulated carboxyl methylation of prenylated proteins.
Protein isoprenylation has recently been described in plants (Randall et al., 1993; Swiezewska et al., 1993; Morehead et al., 1995; Randall and Crowell, 1997 ) and shown to be involved in cell-cycle control (Qian et al., 1996) and phytohormone signal transduction (Cutler et al., 1996) . Additional studies have focused on the characterization of prenylated proteins in plants (Zhu et al., 1993; Biermann et al., 1994; Lin et al., 1996; Trainin et al., 1996) or plant prenyl:protein transferases (Randall et al., 1993; Yang et al., 1993; Loraine et al., 1996; Parmryd et al., 1996; Schmitt et al., 1996; Yalovsky et al., 1996 Yalovsky et al., , 1997 . However, postisoprenylation processing of plant proteins has not been reported. The present study was undertaken to determine whether plants contain farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities and, if so, to determine whether the same enzyme catalyzes the methylation of these two prenylcysteine residues. 
MATERIALS AND METHODS

Tobacco Tissue Culture
Suspension cultures of tobacco BY-2 cells (derived from Nicotiana tabacum cv Bright Yellow-2 callus) were used for all experiments (Nagata et al., 1992) . Cultures were grown in Murashige-Skoog medium (Murashige and Skoog, 1962) containing 0.9 m 2,4-D at 26°C Ϯ 1°C in continuous fluorescent light. Cultures were propagated by transferring 3 mL of a 14-d-old culture into 30 mL of fresh medium.
Preparation of Tobacco Cell Membranes
To prepare tobacco cell membranes, cultures (usually 4-d-old cultures) were harvested by vacuum filtration and resuspended in 2ϫ homogenization buffer (50 mm Hepes/ Tris, pH 7.4, 500 mm mannitol, 6 mm EGTA, 5 mm DTT, 0.1 mg/mL aprotinin, 0.01 mg/mL leupeptin, and 1 mm PMSF) at 1 mL g Ϫ1 fresh weight at 4°C. Cells were ground in a mortar at 4°C and the resulting extract was passed through four layers of cheesecloth into 50-mL centrifuge bottles. Unbroken cells and large organelles were sedimented by centrifugation at 10,000g for 10 min at 4°C, after which membranes were sedimented from the extract by centrifugation at 100,000g for 1 h at 4°C. The membranes were resuspended in 1 volume of 2.5 mm Hepes, pH 7.4, 250 mm mannitol, 1 mm DTT, and stored in 100-L aliquots at Ϫ80°C in the presence of 15% (w/v) glycerol.
In Vitro Carboxyl Methyltransferase Assays
Farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase assays were first performed as described previously (Hrycyna and Clarke, 1990) in the presence of up to 100 g of tobacco membrane protein and 100 mm Hepes, pH 7.0 (50 L total volume), except that S-adenosyll-[ 3 H-methyl]Met (Amersham) was used as a methyl donor (24 m, 2.5 Ci/mmol, 60 Ci/mL) and 200 m AFC or 200 m AGGC were used as methyl acceptors (200 m AGC was used as a negative control). Stock solutions of AFC, AGGC, and AGC (BioMol, Plymouth Meeting, PA) were prepared in DMSO at a concentration of 10 mm. Reactions were incubated at 30°C for 1 h and then terminated by the addition of 50 L of 1 m NaOH, 1% (w/v) SDS. Terminated reactions were immediately mixed and 50 L was spotted onto a piece of pleated filter paper that was wedged in the neck of a counting vial above 3 mL of BioSafe II scintillation cocktail. Vials were capped and volatile radioactivity (i.e. [ 3 H]methanol generated by base hydrolysis of methyl esters) was trapped for 2 h at room temperature and counted.
The assay described above generated a high background in the presence of tobacco membrane proteins. Consequently, the product detection portion of the assay was modified. Reactions were terminated by the addition of 50 L of 90% (v/v) methylene chloride, 9.75% (v/v) methanol, and 0.25% (v/v) acetic acid, mixed extensively, centrifuged for 1 min in a microcentrifuge, and 10 L of the organic phase was spotted onto a plastic-backed silica gel plate (Polygram Sil G, Aldrich). Plates were developed in 90% methylene chloride, 9.75% methanol, and 0.25% acetic acid, sprayed with En 3 hance fluorographic reagent (NEN/ DuPont), and fluorography was performed for 3 d at Ϫ80°C using X-Omat AR film (Kodak). After alignment with the corresponding fluorogram, reaction products were cut out of the silica gel plate and quantitated by liquid scintillation.
Reaction products were identified by HPLC comigration with chemically synthesized standards (AFC and AGGC methyl esters) and by other criteria described in "Discussion." HPLC conditions were as follows: A Microsorb-MV C18 column was first equilibrated in a 50% solvent A:50% solvent B mixture. Solvent A was 0.1% (v/v) trifluoroacetic acid in water; solvent B was 90% (v/v) acetonitrile, 9.9% (v/v) water, and 0.1% (v/v) trifluoroacetic acid. Samples dissolved in 50% acetonitrile:50% water were injected at a flow rate of 1 mL min Ϫ1 ; after 5 min a 50-min linear gradient was begun starting with a 50% solvent A:50% solvent B mixture and ending with 100% solvent B. Eluted products were detected by measuring A 214 (chemical standards) or by liquid scintillation of 1-mL fractions (enzymatic products).
Synthesis of AFC and AGGC Methyl Esters
The methyl esters of AFC and AGGC were synthesized by reaction with (trimethylsilyl)diazomethane (Tan et al., 1991; Tan and Rando, 1992) . (Trimethylsilyl)diazomethane (2 m in hexane, 5 equivalents) at 0°C was added to a solution of acid (5 mol of AFC or 2 mol of AGGC) in anhydrous tetrahydrofuran. The reaction mixture was stirred at 0°C to 5°C for 1 h, then directly passed through a small silica gel column. Elution with hexane yielded the methyl esters (78% AFC methyl ester and 72% AGGC methyl ester), which were analyzed by TLC, GC, 1 H-NMR spectroscopy, and high-resolution MS as described below. . pH optimum for tobacco prenylcysteine ␣-carboxyl methyltransferase. Assays were performed in the presence of 200 M AGGC or AGC using the following buffers at 100 mM: sodium acetate at pH 5.48, sodium acetate at pH 5.97, sodium acetate at pH 6.46, Hepes at pH 6.76, Hepes at pH 7.00, and Hepes at pH 7.61. 
RESULTS
Prenylcysteine ␣-Carboxyl Methyltransferase Activity in Plants
To determine whether plants process isoprenylated Cys residues by carboxyl-terminal methylation, membrane preparations from tobacco BY-2 cells were assayed for the presence of farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities. The assay utilized S-adenosyl-l-[ 3 H-methyl]Met as a methyl donor and AFC (200 m) or AGGC (200 m) as methyl acceptors in the presence of tobacco membranes. AGC (200 m) was used as a control to ensure that product formation was dependent on the presence of a biologically relevant prenylcysteine substrate.
The formation of base-labile radioactivity was assayed as described previously (Hrycyna and Clarke, 1990 ). This assay is based on the release of volatile [ 3 H]methanol from methyl ester products in the presence of 1 m NaOH. However, as shown in Figure 2 , high background levels of base-labile radioactivity were detected by this method using tobacco membranes in the presence or absence of AGC. To alleviate this problem, a product-purification step was incorporated into the assay by extracting hydrophobic products into 90% methylene chloride:10% methanol under acidic conditions and resolving the organic-soluble material by silica gel TLC using acidic 90% methylene chloride: 10% methanol as a mobile phase.
As shown in Figure 3 , this modified assay provided clear evidence of methyltransferase activities in tobacco membranes that use AFC or AGGC but not AGC as methyl acceptors (no difference in product formation was observed in the presence or absence of AGC, suggesting that AGC is not a substrate of membrane-associated methyl- transferases from tobacco). As expected, the radioactive materials labeled "Product" in Figure 3 were base labile (data not shown), suggesting that they represent the methyl esters of AFC or AGGC. Several other radioactive materials shown in Figure 3A were also base labile, indicating the presence of methyl esters, but none of these appeared to be dependent on the presence of a biologically relevant prenylcysteine substrate (i.e. these products formed in the presence or absence of AGC). The tobacco prenylcysteine ␣-carboxyl methyltransferase activity had a pH optimum near 7.0 (Fig. 4) .
To demonstrate that the tobacco farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities were enzymatic, time-course and protein-dilution experiments were performed to ensure linear formation of product with time and tobacco protein (see Figs. 5 and 6). As shown in Figure 5 , the formation of product was linear with time over a 60-min period at 30°C. Furthermore, as shown in Figure 6 , product formation was linearly dependent on the amount of tobacco membrane protein in the assay. In both experiments product was formed in the presence of AFC and AGGC but not AGC.
Given the data shown, the products shown in Figures 3 to 6 are likely to correspond to the ␣-carboxyl methyl esters of AFC and AGGC. These products form in the presence of AFC or AGGC but not AGC and possess base-labile methyl groups derived from S-adenosyl-l-[ 3 H-methyl]Met. However, a more rigorous product identification was undertaken to rule out the possibility of nonrelevant methyl ester products. Accordingly, comigration of the radiolabeled enzymatic products with chemically synthesized AFC and AGGC methyl ester standards was demonstrated by HPLC (see Fig. 7 ). These results confirm the identities of the reaction products and therefore demonstrate the existence of bona fide farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities in cultured tobacco BY-2 cells.
To characterize the tobacco farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities further, kinetic analyses were performed on BY-2 membrane preparations, and apparent K m and V max values were determined in the presence of AFC or AGGC. As shown in Figure 8 , the apparent K m for AFC was 73 m and the apparent V max in the presence of AFC was 1.7 pmol min Ϫ1 mg Ϫ1 tobacco membrane protein. In contrast, the apparent K m for AGGC was 21 m and the apparent V max in the presence of AGGC was 2.7 pmol min Ϫ1 mg Ϫ1 tobacco membrane protein. These results are in reasonable agreement with published values for mammalian and yeast prenylcysteine ␣-carboxyl methyltransferase activities; however, the apparent K m values reported here are about 2-fold higher than published values. This difference is perhaps because of kinetic differences between the plant enzyme(s) and other prenylcysteine ␣-carboxyl methyltransferases or because of side reactions or incomplete partitioning that may reduce the availability of AFC and AGGC in the assay. In all known cases the K m for AFC has been found to be 2-to 3-fold higher than that for AGGC.
To determine whether the same enzyme was responsible for the observed farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities, competition analyses were performed. In the first experiment AFC was used at a concentration equal to its apparent K m and AGGC was used at a concentration equal to five times its apparent K m . As shown in Figure 9A , ␣-carboxyl methylation of AFC was greatly reduced when AFC and AGGC were mixed at these concentrations, subjected to in vitro ␣-carboxyl methylation in the presence of tobacco membranes, and analyzed by HPLC (the products of each reaction were resolved by HPLC and quantitated by liquid scintillation of collected fractions because the TLC system shown in Figs. 3-6 did not discriminate effectively between AFC and AGGC methyl ester formation). In the second experiment AFC was used at a concentration equal to five times its apparent K m and AGGC was used at a concentration equal to its apparent K m . As shown in Figure 9B , ␣-carboxyl methylation of AGGC was dramatically reduced under these reaction conditions. These results suggest that AFC and AGGC compete with one another, and are consistent with the hypothesis that the same enzyme accounts for tobacco farnesylcysteine and geranylgeranylcysteine ␣-carboxyl methyltransferase activities.
DISCUSSION
Protein isoprenylation has been shown to be involved in cell-cycle progression in synchronized cultures of tobacco BY-2 cells (Qian et al., 1996) . Furthermore, mutations in a farnesyl:protein transferase ␤-subunit gene have been shown to cause an enhanced response to exogenous ABA in Arabidopsis, suggesting possible farnesylation of a negative regulator of ABA responsiveness (Cutler et al., 1996) . Although these exciting discoveries implicate protein isoprenylation in a variety of fundamental processes in plant growth and development, the precise role of protein isoprenylation and subsequent modifications in the targeting and function of the relevant proteins remains a mystery. Consistent with the hypothesis that isoprenylated plant proteins undergo further processing, we have demonstrated that plant cells contain a prenylcysteine ␣-carboxyl methyltransferase capable of catalyzing the methylation of farnesylated and geranylgeranylated Cys residues.
The formation of AFC and AGGC methyl esters in the presence of tobacco membranes provides compelling evidence for prenylcysteine ␣-carboxyl methyltransferase in plants. The identification of the methyl esters was based on: (a) the knowledge that S-adenosyl-l-[ 3 H-methyl]Met was used as a methyl donor, (b) the observation that base hydrolysis of the methyl esters released volatile radioactivity, and (c) the observed HPLC comigration of the methyl esters with authentic AFC and AGGC methyl ester standards. These methyl ester products formed in the presence of AFC or AGGC but not AGC, suggesting that the enzyme responsible recognizes only biologically relevant prenylcysteine residues. Data from competition experiments suggest that the same enzyme catalyzes the ␣-carboxyl methylation of both AFC and AGGC, and kinetic analyses suggest that this enzyme uses AFC with an apparent K m of 73 m, whereas AGGC is used with an apparent K m of 21 m. These K m values are approximately 2-fold higher than published values for mammalian and yeast prenylcysteine ␣-carboxyl methyltransferase activities, suggesting that the plant enzyme may exhibit somewhat different kinetics. However, this question remains open, because kinetic analyses have not been done on pure preparations of prenylcysteine ␣-carboxyl methyltransferase from any source, presumably because of the detergent-sensitive nature of the enzyme and the difficulty of purifying it to homogeneity.
The functional significance of prenylcysteine ␣-carboxyl methyltransferase in the targeting and function of isoprenylated plant proteins remains to be explored. It seems likely, given what is known in mammalian and yeast cells, that ␣-carboxyl methylation will be found to be necessary for the membrane association of some, but not all, isoprenylated plant proteins. In some cases ␣-carboxyl methylation may be found to be required for protein function. Careful use of AFC and AGGC as competitive inhibitors of prenylcysteine ␣-carboxyl methyltransferase in vivo will shed light on these important issues, provided that the Figure 9 . Competition analyses suggest that AFC and AGGC are ␣-carboxyl methylated by the same enzyme. Prenylcysteine ␣-carboxyl methyltransferase assays were performed in the presence of AFC, AGGC, or both at the concentrations indicated below the graph. In A, AFC was used at its apparent K m and AGGC at five times its apparent K m . In B, AFC was used at five times its apparent K m and AGGC at its apparent K m . Samples were analyzed by quantitative HPLC. The black bars represent AFC ␣-carboxyl methylation and the striped bars represent AGGC ␣-carboxyl methylation.
